SPECIFICATION 

LOW LOSS OPTICAL SWITCHING SYSTEM 

CROSS-REFERENCE TO RELATED APPLICATIONS 

[0001] This patent application is a continuation of co-pending U.S. Patent 
Application Serial No. 10/052,829, filed on October 19, 2001, which is a 
continuation-in-part of U.S. Patent Application Serial No. 09/837,829, filed on April 17, 
2001, and U.S. Patent Application Serial No. 09/837,817, filed on April 17, 2001, the 
disclosures of which are incorporated herein by reference. This application also claims 
priority to provisional U.S. Patent Application Serial No. 60/233,672, filed on September 
19, 2000, and provisional U.S. Patent Application Serial No. 60/241,762, filed on 
October 20, 2000, the disclosures of which are incorporated herein by reference. This 
patent appUcation is also related to U.S. Patent AppUcation Serial No. 09/046,416, filed 
on October 19, 2001, the disclosure of which is incorporated herein by reference. 

FIELD OF THE INVENTION 

[0002] The field of the invention relates generally to a device and method for 
switching an optical signal with lower bending losses and in particular, to a device and 
method for switching an optical signal by gradually changing the direction of the optical 
signal. 

BACKGROUND OF THE INVENTION 

[0003] The interest in optical switching devices has been driven by the tiremendous 
increase in demand for more usage and faster communications systems, i.e. greater 
bandwidth, in the telecommunication industiy. The prime examples of applications that 
are pushing this demand are the Internet, video/music on demand, and corporate data 
storage. The existing telecommunication infi:astixicture, which was largely developed for 
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telephone calls, is now incapable of meeting the demands for new applications of data 
communication. 

[0004] Several options have been developed to meet this new demand. These options 
include wireless, optical, and free-space laser communication technologies. To date, the 
most promising technology capable of meeting the projected bandwidth requirements of 
the future is the optical technology. 

[0005] Li an all optical network, or in a combination of an optical and electrical 
network, the necessary components include a signal carrier medium (i.e. optical fiber), 
signal routing systems, and data control systems. These signal routing systems have 
devices which switch optical signals between optical fibers. 

[0006] In the prior art approaches, the switching of optical signals can be 
accomplished in predominantly two major approaches: electrical and optical. Today, 
most systems use electrical switching. Li these systems, at the network jimctions, the 
optical signals must first be converted into electrical signals. The converted electrical 
signals are then switched to the designated channel by integrated circuits. Lastly, the 
electrical signals must be converted back into optical signals before the signals can be 
passed onto the optical fiber toward the next destination. Such optical converters are 
relatively expensive compared to the rest of the transmission equipment. 

[0007] Electrical switching technology is reUable, inexpensive (except for optical 
converters), and permits signal reconditioning and monitoring. The main drawback with 
electrical switching systems is that the nxmiber of junctions in a long distance network 
can be large, and the total cost of converters is very high. Furthermore, typically more 
than 70% of signals arriving at a junction require only simple straight pass-through, and 
conversion (down and up conversions) of the full signal results in inefficient use of 
hardware. System designers also anticipate that future systems are best served by 
transparent optical switch capabilities; that is, switching systems capable of redirecting 
the path of the optical signal without regard to the bit rate, data format, or wavelength of 
the optical signal between the input and output ports. Most electrical switching systems 
are designed for a specific rate and format, and cannot accommodate multiple and 
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dynamic rates and formats. Future systems will also be required to handle optical signals 
of different wavelengths, which in an electrical switching network would necessitate the 
use of separate channels for each wavelength. These limitations of the electrical 
switching system provide new opportunities for the development of improved optical 
switching systems. 

[0008] A switch that directly affects the direction of hght path is often referred to as 
an Optical Cross Connect (OXC). Conventional optical fabrication techniques using 
glass and other optical substrates cannot generate products that meet the performance and 
cost requirements for data communication applications. Unlike the electrical switching 
technique that is based on matured integrated circuit technology, optical switching (ones 
that can achieve high port count) depends on technologies that are relatively new. The 
use of micromachining is one such new approach. The term MEMS (Micro Electro- 
Mechanical Systems) is used to describe devices made using wafer fabrication process by 
micromachining (mostly on silicon wafers). The batch processing capabilities of MEMS 
enable the production of these devices at low cost and in large volume. 

[0009J MEMS-based optical switches can be largely grouped into three categories: 1) 
silicon mirrors, 2) fluid switches, and 3) thermal-optical switches. Both fluid and 
thermal-optical switches have been demonstrated, but these technologies lack the ability 
to scale up to a high number of channels or port counts. A high port count is important to 
switch a large number of fibers efficiently at the junctions. Thus far, the use of silicon 
mirrors in a three dimensional (3D) space is the only approach where a high port count 
(e.g., greater than 1000) is achievable. 

[0010] Optical Cross Connects that use 3D siUcon mirrors face extreme challenges. 
These systems require very tight angular control of the beam path and a large fi-ee space 
distance between reflective mirrors in order to create a device with high port counts. The 
precise angular controls required are typically not achievable without an active control of 
beam paths. Since each path has to be monitored and steered, the resulting system can be 
complex and costly. These systems also require substantial software and electrical 
(processing) power to monitor and control the position of each mirror. Since the mirror 
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can be moved in two directions through an infinite number of possible positions (i.e., 
analog motion), the resulting feedback acquisition and control system can be very 
complex, particularly for a switch having large port counts. For example, as described in 
a recent development report, Lucent Technology's relatively small 3D mirror-switching 
prototype was accompanied by support equipment that occupied three full-size cabinets 
of control electronics. 

[0011] Ideally, an optical switch will have at least some of the following principal 

characteristics: 

1) Be scalable to accommodate large port counts (>1000 ports); 

2) Be reliable; 

3) Be built at a low cost; 

4) Have a low switching time; 

5) Have a low insertion loss/cross talk. 

[0012] While the 3D-silicon mirror can meet the scalability requirement, it cannot 
achieve the rest of the objectives. Therefore, prior pending patent applications, U.S. 
Patent Application Serial Nos. 09/837,829 (docket 263/176) and 60/233,672, presented a 
new approach whereby the complex nature of the 3D free space optical paths and analog 
control can be replaced with guided optical paths and digital (two states) switching. Such 
a system greatly simplifies the operation of switching, enhance reUability and 
performance, while significantly lowering cost. However, there is a need to further 
improve devices used for switching optical signals because in optical switches, one of the 
key figures of merit is the hisertion Lx)ss, a parameter that measures the amount of Ught 
lost as a resuh of optical signal traversing through the switch. 

[0013] The insertion loss consists of a number of components, including loss due to 
coupling between fiber and switch element, loss due to absorption of Ught in the 
waveguide material, and loss due to light traversing in a curved path or around comers. 
For example, if a waveguide has high-angle bends, there are greater losses in the optical 
signal passing through the bends. In particular, there is a need to reduce the bending 
losses in an optical switch element while minimizing the element size. Ideally, the 
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improvement would minimize individual losses and balance the losses between different 
mechanisms to yield the lowest total insertion loss. In addition to the insertion loss and 
small element size, other requirements such as power, switching time, and polarization 
effects are also important considerations in the design. 

[00141 FIG. 9 is adapted from related and copending U.S. Patent Application Serial 
Nos. 09/837,829 (docket 263/176) and 60/233,672 and illustrates a concept for using 
movable microstmcture to switching optical signals. In FIG. 9, waveguides 501 are used 
to conduct optical signals from input 502 to output connections 503. For additional 
detail, please refer to U.S. Patent Application Serial No. 09/837,829. To enable light 
paths to crossover, waveguide designs with approximately 90-degree bends 504 are 
shown in FIG. 9. Although a 90-degree bend is possible, such design must be done under 
numerous consfraints; in particular, bend radius. For example, the optical loss due to a 
waveguide wilh a bend radius R can be estimated as: 



Bend Loss = 10 log exp 



- {RQ) J ^ ^- exp 



'kn^a' l + W """I, 3 V'a ) 



(in dB), 



where A = -n^' )/(2n,' ) is a measure of the difference between the refractive index of 
the core of the waveguide (n, ) and material that surrounds the core («2 ) • From the 
equation above, it can be shown that when a small radius is required, it is possible to 
compensate for loss by using large As . Materials with a wide range of refractive indexes 
have been used successfiiUy in waveguides including silica, silicon, polymer and various 
other materials. 

[0015] FIG. 10 illustrates a typical waveguide design where different components of 
the waveguide are identified. The same material, such as silica, is used for the core 505 
as well as for the buffer 506 and cladding 507, but the core is doped with another material 
to increase its index of refraction. The buffer 506 may be adjacent to a silicon subsfrate. 
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Using a cladding 507 is not always required since air has an index of refraction (n - 1.00) 
that is lower than any solid material and can be used to guide light effectively. 
[00161 A main problem with employing large As is that the size of the waveguide 
must be substantially reduced to maintain single mode propagation, which is an important 
criterion for telecommunication applications. The relationship between waveguide core 
width for a square waveguide and A for single mode propagation is illustrated by the 
following equation: 

4.272 



d = 



An,V2A 



[00171 As can be seen in above equation, the larger the A , the smaller the core size d 
required. The problem with using small waveguides is that it increases the optical loss 
due to fiber coupUng with a large core fiber. To minimize coupling loss, a lens element 
is required to match the mode between the fiber and waveguide, which leads to higher 

manufacturing costs. 

[00181 A design capable of accommodating large bend radii while maintaining a 
small size, is highly beneficial to controlling the overall insertion loss. A small size 
switch element is desirable because more elements can be produced on a single wafer. 
Small elements also keep the finished size small when they are used m an array 
connected to form a large port switch. 

SUMMARY OF THE INVENTION 

[00191 The invention relates generally to an optical switching device or method of 
switching an optical signal, which device or method uses a movable microstructure to 
switch the direction of the optical signal gradually so as to reduce insertion loss. 
[00201 Other systems, methods, features and advantages of the invention will be or 
will become apparent to one with skill in the art upon examination of the following 
figures and detailed description. It is intended that all such additional systems, methods, 
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features and advantages be included within this description, be within the scope of the 
invention, and be protected by the accompanying claims. 

RRIFF DRSCRTPTION OF THE DRAWINGS 

[0021] The components in the figures are not necessarily to scale, emphasis instead 
being placed upon illustrating the principles of the invention. Moreover, in the figures, 
like reference numerals designate corresponding parts throughout the different views. 
However, some corresponding parts may be given unique reference numerals. 
[0022] FIG. 1 illustrates a block diagram of an example embodiment of an optical 
switch system adapted to handle 1024 ports. 

[00231 FIG. 2 iUustrates an exploded conceptual view of an example embodiment of 
the OXC blocks and optical comiectors of FIG. 1. 

[0024] FIG. 3 A illustrates a plan view of an example embodiment of a single 
switching layer of FIG. 2. 

[0025] FIG. 3B illustrates an edge view of an example embodiment of a single 
switching layer of FIG. 2. 

[0026] FIGs. 4A-4F illustrate different example embodiments of a waveguide on a 
switching layer. 

[0027] FIG. 5 A illustrates an plan view of an example embodiment of a switching 
layer which can switch 8x8 ports. 

[0028] FIG. 5B illustrates an edge view of the switching layer of FIG. 5 A. 

[0029] FIG. 6 A illustrates an example embodiment of an optical connector whose 

optical substrate is machined to have an array of convex spherical surfaces. 

[0030] FIG. 6B illustrates how the optical connector of FIG. 6A corrects a misaligned 

light beam. 

[0031] FIG. 7A illustrates an example embodiment of a switch element having a 
movable optically transmissive platform. 
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[0032] FIG. 7B illustrates the switch element of FIG. 7A when the movable platfonn 
is not moved. 

[0033] FIG. 7C illustrates the switch element of FIG. 7A when the movable platform 
is moved. 

[0034] FIG. 7D illustrates an example embodiment of a switch element having a 
movable optically transmissive platfonn and a double layer of waveguides. 
[0035] FIG. 8 A illustrates an example alternative embodiment of a switch element 
having a movable optically transmissive platfonn which moves parallel to the plane of 
the substrate. 

[00361 FIG. 8B illustrates an example alternative embodiment of a switch element 
having a rotatable or pivoting optically transmissive platfonn. 

[0037] FIG. 9 illustrates a block diagram of a prior optical switch device as described 
in related and co-pending U.S. Patent Application Serial Nos. 09/837,829 (docket 
263/176) and 60/233,672. 

[0038] FIG. 10 illustrates a typical waveguide and its structures. 

[0039] FIG. 1 1 illustrates a block diagram of an example embodiment of an improved 

optical switching device having a movable microstructure with low insertion loss. 

[0040] FIG. 12 illustrates a block diagram of another example embodiment of an 

improved optical switching device having a rotatable microstructure with low insertion 

loss. 

[0041] FIG. 13 illustrates a block diagram of an example embodiment of a system of 
improved optical switching devices with movable microstmctures and low insertion 
losses. 

[0042] FIG. 14A illustrates a block diagram of an example embodiment of an 
improved 1x2 optical switching device with a movable microstmcture and low insertion 
losses, where the movable microstructure is in a first position. 
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[0043] FIG. 1 4B illustrates a block diagram of an example embodiment of an 

improved 1x2 optical switching device with a movable microstructure and low insertion 

losses, where the movable microstructure is in a second position. 

[0044] FIG. 1 5 illustrates a block diagram of yet another example embodiment of an 

improved 1x2 optical switch device with a rotatable microstructure and low insertion 

losses. 

HFT AILED DESCRIPTTON OF THE PREFERRED EMBODIMENTS 

[0045] The first portion of this specification refers to FIGs. 1-8B and discusses an 
improved optical switch system. The second portion of this specification refers to FIGs. 
9-15 and sets forth an improvement to the optical switch system of FIGs. 1-8B. where the 
improvement gradually changes the direction of an optical signal in order to reduce 
insertion losses. 

[0046] FIG. 1 illustrates a block diagram of an example embodiment of an optical 
switch system 10 adapted to handle 1024 ports by 1024 ports. This optical switch system 
10 includes a 3-dimensional waveguide. The 3D optical switch system 10 shown in FIG. 
1 employs guided wave paths (i.e., waveguide), digital switching, and is capable of 
handUng 1024 ports. Two of the key components of the optical switch system 10 are two 
OXC blocks 12, 14. OXC blocks 12, 14 are also referred to as switch blocks because 
they include vertical and horizontal optical switches respectively. OXC block (Y) 12 is 
used for switching optical beams in ttie vertical direction, and OXC block (X) 14 
switches optical beams in the horizontal direction. The two OXC blocks (Y and X) 12, 
14 are connected end-to-end such that all outputs of the first (Y) OXC block 12 is 
connected to the input of the second (X) OXC block 14. 

[0047] Since each OXC block 1 2, 14 is an assembled unit, some manufacturing 
tolerances may be inevitable. To handle the accumulation of these tolerances, an optical 
connector 16 is required to facilitate system assembly. Likewise, optical connectors 16 
may be used at the input of the first OXC block 12, and output of the second OXC block 
14, to allow for positional errors at the interface connection. Optionally, the optical 
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connector 16 can be an optical-to-electrical-to-optical connector, a plurality of mirrors in 
&ee space, a bundle of optical fibers, or any kind of optical connector. 
[0048] Optical fibers 18 are connected to the input interface 20. The switched optical 
signals exit at the output interface 22. For example, the input interface 20 and output 
interface 22 may be mechanical interfaces to fiber optics. Electrical signals for 
controlling individual switch elements are interconnected (between layers) in an electrical 
interconnect 24 on the side of each OXC block 12, 14. These electrical wires are routed 
to the Interface and Control Electronics 30 located adjacent to the OXC blocks 12, 14. 
The optical switch system 10 may be mounted on a board 32. 

[00491 FIG. 2 illustrates an exploded conceptual view of an example embodiment of 
the OXC blocks 12, 14 and optical connectors 16A-16C of FIG. 1. For clarity, the 
vertical switch block, OXC block 12, is shown with only the first and last switching 
layers 40, 42. Each switching layer 40, 42, for example, is capable of switching 32 inputs 
to any of the 32 outputs in the vertical direction. By placing 32 of the switching layers 
together, all 32 channels can be connected along the vertical plane. To complete the Ml 
capability of switching 32 x 32 channels, a mechanism for switching in the horizontal 
direction is needed and this is fiilfilled, for example, by a second OXC block 14 (the 
horizontal switch block). Figure 2 shows only the first and last switching layers 44, 46 of 
the second (X) OXC block 14. Each switching layer 44, 46, for example, is capable of 
switching 32 inputs to any of the 32 outputs in the horizontal direction. By placing 32 of 
the switching layers together, all 32 channels can be connected along the horizontal 
plane. Combined into the embodiment shown in FIG. 2, the vertical and horizontal 
switching layers create a 32 x 32 optical switch. 

[00501 The following example illustrates how a signal at channel (1,1) (the numbers 
refer to the row and column number respectively) can be routed to the channel (32,32) 
output. The optical beam 50 (represented in arrows) enters at the (1,1) location, through 
first optical connector 16A, and enters the first switching layer 40. The switches in the 
first switching layer 40 connect the optical beam from (1,1) to the (1,32) output. The 
optical signal exits the vertical (Y) switch layers, and passes and realigns properly 
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through the second optical connector 16B into the horizontal (X) switching layer at (1, 
32). The optical beam now is routed from position (1,32) to position (32,32), then 
reahgns and exits through the third optical connector 16C. 

[0051] The optical switch system 10 may have an optical path network 202, which is 
also referred to as a light-guiding structure. The optical path network 202 includes at 
least one optical path along which the optical signal 50 may travel. For example, the 
optical path network 202 may include a mirror, waveguide, air gap, or other structures 
that provide an optical path. In the example embodiment, the optical path network 202 is 
a waveguide network 202. One advantage of the 3D waveguide embodied in the optical 
switch system 10 described is that in this approach it is possible to achieve a large port 
count without a need to control the beam paths precisely and actively. Since the optical 
beam is captured within the waveguides or waveguide networks on each switching layer, 
only the end connections are critical. A waveguide network may include a plurality of 
waveguides such as waveguide network 202 shown in FIG. 8A. In fact, a waveguide 
network may contain only a single waveguide, if desired. Where an embodiment is 
described as using a waveguide network, it should be understood that the embodiment 
could use a waveguide instead, and vice versa. Where aUgmnent is critical, such as at the 
interface, an optical connector 16 will allow for correction of beam misalignment using 
conventional and inexpensive optics. The simplicity of the resulting 3D waveguide and 
the protective enviromnent (e.g., each switching layer can be sealed) further enhances the 
reliability and robustness of the system, providing beam paths which are unaffected by 
temperature, humidity, aging and handling. 

[0052] FIGs. 3 A and 3B illustrate a plan view and an edge view respectively of an 
example embodiment of a single switching layer of FIG. 2, for example, switching layer 
44. This example shows how 32 inputs can be connected through an array of simple 
switch elements 60, to 32 outputs. In this example of a 32 x 32 port, there are 80 switch 
elements 60. The methodology of interconnection is well known to those skilled in the 
art of signal routing design and may be any methodology. Pioneering work in routing 
theories done at Bell Laboratories has shown that an optical signal can be efficiently 
routed by comiecting sunple switches (such as 2 x 2 elements) in a specific manner. By 
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foUowing these routing guidelines, it can be shown that every input can be connected to 
any output without any of the connections blocked. 

[00531 The switching layer 44 shown in FIGs. 3A, 3B includes a substrate 62 that 
carries waveguides 64 and switch elements 60. In this example embodiment, the 
substrate 62 may be any semiconductor material such as silicon. In any embodiment, the 
substrate can be any kind of substrate. The substrate can be a composite layer made by 
bonding wafers together, or a monolithic layer. To protect these waveguide and switch 
element microstructures, the substrate 62 may be covered and sealed by using another 
(cap) wafer 63. An effective sealing to exclude contaminants and humidity can be 
achieved by bonding a cap wafer 63 to substrate 62 using any of a multitude of 
techniques akeady available, including anodic, fusion, and eutectic bonding. 
[0054] Optical signals 50 enter the switching layer 44 at one edge. Preferably, the 
edge is poUshed and angled to allow a complete refraction of the optical beams 50. 
Depending on the optical index of the interface medium (e.g., air or another optical 
element), the angle of the edge can be designed to accommodate total refraction. Once 
the optical beam 50 enters the waveguide 64, light cannot escape from the waveguide 64 
due to a phenomenon known as total internal reflection. This is the same phenomenon 
that allows an optical fiber to carry light for long distances without significant loss. 
[0055] The switching action is controlled by the application of electrical voltage. 
Each switch element 60 requires, for example, three electrical connections: an actuation 
electrode, a position sensing elecfrode, and electrical ground. The electrical ground 
connection can be tied together to mmimize the number of electrical traces. Each switch 
element 60 would have, therefore, a minimum of two electrical connections that need to 
be passed through and underneath the capping wafer 63 to interface with the outside 
world. In FIG. 3 A, the electrical fraces 66 are shown traversing substantially 
orthogonally to the optical path and terminating at the electrical bond pads 68 at the 
lower edge. Of course, the actual layout of the electrical fraces 66, bond pads 68, input 
ports and output ports can be modified to be different than that shown in this example. 
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[0056] FIGs. 4A-4F illustrates various example embodiments of a waveguide 64 on a 
switching layer. To maintain total internal reflection (TIR), the environment surrounding 
the waveguide 64 must have an optical index of refraction lower than index ofthe 
waveguide 64. Glass, for example, which has an index of 1.5, can be coated with a 
material having a lower index, or simply use a vacuum (index 1 .0) or air as the medium. 
A wide range of gases could be used to ensure compatibility with the wafer bonding 
process. In a first embodiment, FIG. 4A illustrates a cross section of a waveguide 64 
formed of glass whei«by the medium surrounding the waveguide 64 is in a vacuum or air. 
The carrier 70 may be formed of glass or silicon. In a second embodiment, FIG. 4B 
illustrates another waveguide 64 where the top and sides ofthe waveguide 64 are in 
contact with a vacuum while the bottom surface is bonded with an intermediate material 
with an index lower than that ofthe waveguide. The carrier 70 may be formed of glass or 
silicon. 

[0057] In both ofthe FIG. 4A and 4B embodhnents, the upper substrate should be a 
material that will transmit optical signals at the wavelength of interest, such as 0.82, 1.3, 
and 1 .55 micrometers. These are the wavelengths that are typically used in fiber optics 
transmission, and in which the support equipment (such as the transmitter, carrier and 
receiver) is designed to handle. In both embodiments, the material on the bottom (carrier 
substrate 70) is used mainly to provide mechanical support to the structure. As it will be 
explained later, the actual switching mechanism will require some ofthe waveguides to 
move vertically or laterally by the application of an external force. The carrier substrate 
70 can be made of glass, silicon, or any material compatible with micromachining. 
[00581 FIGs. 4C and 4D illustrate aUemative embodiments of a waveguide 64 
without using a substrate 70. The small amount of material 72 that bridges the 
waveguide 64 to adjacent material will allow some loss of light and this design needs to 
consider the tradeoff between mechanical strength and optical loss. One advantage ofthe 
embodiments in FIGs. 4C and 4D is that only a single-layer structure is required, 
avoiding the necessity of wafer bonding. Detailed designs using these alternative 
embodiments should involve achieving a balance between the mechanical and optical 
integrity ofthe waveguides and acceptable manufacturing costs. 
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[00591 Although the preferred embodiment of an optical switch system uses a 
waveguide, optical guides using reflective surfaces or other known structures can also be 
used. FIG. 4E shows a guide 78 made by bonding two wafers 80, 82 to create a closed 
optical guide 78. To enhance the reflectivity of the surface, metal coating such as gold or 
nickel (or any other materials compatible with the micromachining process) could be 
deposited on the inner siufaces prior to bonding. 

[0060] Yet another alternative embodiment is to use the vertical surfaces of tiie 
microstructure. As in a conventional optical system, such an approach would require 
tight angular control of the vertical walls to control the beams precisely. FIG. 4F shows a 
trench etched into the wafer whose vertical walls are the reflective surfaces with a top cap 
80 forming a closed waveguide 78. As before, a metal coating can be applied to enhance 
reflectivity. 

[0061] FIGs. 5 A and 5B illustrate a plan view and an edge view of an example 
embodiment of a non-blocking switching layer 44 that performs switching of 8 x 8 ports. 
To achieve full switching capability in this example, 12 switch elements 90 are required. 
Each switching element 90 is capable of performing a 2 x 2 switch. The switching layer 
44 is non-blocking because the optical signal 50 always passes to the optical output side 
through some optical path. 

[0062] Optical connectors 1 6 are used to minimize insertion loss due to misaHgnment 
between the optical fiber and the switch element 90, or between OXC blocks. In both 
cases, there is an accumulation of geometrical tolerances due to imperfect assembly, 
which should be corrected to minimize loss of light. Most often, the misalignment is due 
to a combination of linear and angular offsets. 

[0063] FIG. 6A illustrates an optical connector 1 6 whose substrate is machined on 
both sides to have an array of convex spherical surfaces 100. One side of the spherical 
surface array is positioned to connect with a fiber bundle to receive the incoming Ught 
beam 50. The opposite convex surface focuses tiie beam onto a small spot to allow for 
connection to the OXC blocks. For example, the optical connector 16 may have as a 
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spherical surface 100 for each port in the optical switching system (here, e.g., 32 x 32, or 
1024 surfaces 100). 

[0064] Figure 6B illustrates how the optical connector of FIG. 6A corrects a 
misaligned beam of light. Let us presume a light beam 50 entering on the left that will 
normally be out of the range of the entrance to the OXC block or other optical passage. 
If uncorrected, the Ught beam 50 will not properly enter the entrance to the OXC block. 
However, the misaUgned beam 50, after being corrected by a spherical surface of the 
optical connector 16 will emerge from the optical connector 16 focused on an image 
point 102. By placing the entrance pupil of the OXC block or optical fiber entrance at or 
near the image point 102, the emerging light beam will be approximately centered and 
will enter the optical passage such as a waveguide 64 at an incident angle that will be 
captured by a total internal reflection process. Other type of surfaces other than spherical 
can also be used to enhance the quality of the emerged beam. The detailed design of the 
optical surfaces and selection of the optical material can include those known to those 
skilled in the art of optical design. 

[0065] The optical connector 16 which uses convex spherical surfaces 100 can be 
manufactured using a series of spherical balls and securing those balls in a plate with 
precisely machined holes. To hold the balls in place, the simplest method is to shrink the 
baUs in a cold bath (e.g., hquid nitrogen) and inserting the balls into the holes of the 
plate. Proper methods of fixture will allow a large number of balls to be inserted 
simultaneously and precisely. Alternatively, specialized tooling with convex grinding 
tool bits can be made to produce the desired surfaces. The possible manufacturing 
techniques are numerous and include those well known to those skilled in the art of 
optical manufacturing. 

[0066] FIG. 7A illustrates an example embodiment of a small switch element 60 
made by a micromachining process. This example embodiment is of a 2 x 2 switch 
element 60 because there are two inputs and two outputs; of course, the number of inputs 
and the number of outputs can be increased or decreased. The embodiment of the switch 
element 60 has two waveguides integrated on top of a carrier platform 110. The 
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combined structure (waveguide and carrier) is bonded to a substrate 62 and positioned 
such that the switch element 60 is suspended over an air gap over, or a cavity 1 1 1 
previously etched on, the substrate 62. The carrier platform 1 10 is preferably suspended 
approximately 30 microns above the actuation electrodes 112. The carrier platform 1 10 
moves relative to the substrate. The waveguides 1 14, 1 16 are typically less than 10 
microns and in this example, the small channel size is necessary to ensure transmission of 
only single-mode optical signals. The size of the structure and the design of the support 
springs 130 depend on the type of actuation mechanism used. The embodiment will use 
electrostatic attraction as the means of actuation. 

[0067] For electrostatic actuation, both the carrier platform 1 10 and the stationary 
electrodes 1 12, 126 have to be electrically conductive, thereby causing the carrier 1 10 to 
move toward the electrodes 1 12, 126, as illustrated in FIGs. 7B and 7C. If the carrier 
platform 1 10 is made out of dielectric materials, it can be made conductive by coating the 
bottom (i.e., the surface facing the stationary actuation electrode 1 12) with a metal such 
as gold or nickel. If the carrier platform 1 10 is made of semiconductor materials such as 
silicon, it can be doped to increase electrical conductivity. Opposing and parallel to the 
carrier platform 1 10 are the stationary electrodes 112, 126 patterned on the bottom of the 
cavity 111. These electrodes 1 12, 126 connect to the top of the substrate 62 by traces 
pattemed on the sloped surfaces. In the cavity 111, two stationary electrodes 1 12, 126 
are made, one electrode 1 12 for actuating movement of the carrier platform 1 10 and the 
other electrode 126 for feedback sensing of the position of the carrier platform 110. 

[0068] This example embodiment of the switch element 60 operates as follows. 
Optical signals 50 enter on the left of the switch element 60 at locations A and B. The 
optical signals 50 enter the waveguides 1 14, 1 16 and cross over due to the particular 
configuration of the waveguides in this embodiment. The optical signals 50 fi-om 
locations A and B exit the switch element 60 at locations D and C respectively. The 
original optical signals 50 have crossed fi-om A to D and from B to C. When no crossing 
of the optical signals 50 is desired in this particular embodiment, an electrical signal is 
required from the control hardware. By applying a voltage to the fixed electrodes 1 12 on 
the substrate 62 and a different voltage to the electrode of the carrier platform 1 10, the 
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voltage difference will result in an electrostatic attraction force. Such a force will pull the 
carrier platform 1 10 (and the waveguides 1 14, 1 16 carried by the carrier platform 1 10) 
down (here, less than 10 micrometers) toward the fixed electrodes 1 12, 126 by bending 
the support springs 130, and therefore, in the process remove the waveguides 1 14, 1 16 
from the optical path. The optical signals 50 from location A then pass directly (through 
free space 120) toward point C, and the optical signals 50 from location B pass directly 
(through free space 122) to location D. FIG. 7B illustrates the case where the carrier 
platform 1 10 is in its rest state because no power is applied to the actuation electrode 1 12; 
here, the optical signals 50 from locations A and B of the fixed waveguides at the input 
side of the carrier platform 1 10 cross over in movable waveguides 1 14, 1 16 to locations 
D and C, respectively, of the fixed waveguides at the output side of the carrier platform 
110; waveguides 1 14, 1 16 are considered "movable" because they move with the 
movement of the carrier platform 1 10. The carrier platform 1 10 is also referred to as a 
movable microstructure. When power is appUed to the actuation electrode 1 12, FIG. 7C 
illustrates the resulting configuration where the carrier platform 1 10 has moved toward 
actuation electrode 1 12; here, the optical signals 50 from locations A and B of the fixed 
waveguides at the input side of the carrier platform 1 10 pass directly through free space 
to locations C and D, respectively, of the fixed waveguides at the output side of the 
carrier platform 110 because movable waveguides 1 14, 1 16 have moved out of range of 
the optical signals 50. 

[0069] Other methods of actuation are also viable. Electrostatic actuation is preferred 
because of the simplicity in design and operation. The main drawback is the higher 
voltage required to operate the resulting device, due to the large gap, typically ranging 
from 20 to 100 volts. Altemative actuation methods include magnetic and thermal 
techniques. These methods are well known to those skilled in the art of micromachine 
design. 

[0070] The sensing electrode 126 on the substrate 62 is used to detect the position of 
the carrier platform 1 10 by sensing changes in capacitance between the electrode 126 and 
the electrode of the carrier platform 110 due to changes in the gap caused by movement 
of the carrier platform 110. Other means of sensing, such as piezo-resistive, magnetic. 
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optical schemes are also viable. The signal from the sensing electrode 126 is used 
(through close-loop control) to accurately position the waveguides 1 14, 1 16 over the 
optical entrance and exit. 

[0071] The primary loss of optical signal will be at the entrance of the movable 
waveguides 1 14, 1 16 (on the carrier platform 1 10 of the switch element 60) and at the 
entrance of the fixed waveguides. Reducing the distance between the locations A/C and 
between B/D can minimize such loss. To fully minimize loss, but with increased 
manufacturing complexity, a secondary waveguide 138, 140 can be designed on the 
bottom of the carrier platform 1 10. In that case, the opening between the stationary 
waveguides and the movable waveguides 1 14, 116 can be reduced to less than 2 microns, 
depending on the etching process. FIG. 7D illustrates a carrier platform 110 with 
waveguides 1 14, 1 16 on top and waveguides 138, 140 on the bottom, with one set 
designed for straight pass and the other for crossover. As is apparent from the 
embodiment shown in FIG. 7D, in the case where the carrier platform 1 10 is in its rest 
state because no power is applied to the actuation electrode 112, the optical signals 50 
from locations A and B of the fixed waveguides at the input side of the carrier platform 
110 pass through movable waveguides 138, 140 to the fixed waveguides at the output 
side of the carrier platform 110. Likewise, when power is applied to the actuation 
electrode 1 12, the carrier platform 110 moves toward actuation electrode 1 12 so the 
optical signals 50 from locations A and B of the fixed waveguides at the input side of the 
carrier platform 110 now pass through waveguides 1 14, 1 16 of the fixed waveguides at 
the output side of the carrier platform 1 10 because movable waveguides 138, 140 have 
moved out of range of the optical signals 50 and movable waveguides 1 14, 1 16 have 
moved into range of the optical signals 50. Of course, in an embodiment which uses 
double movable waveguides, such as that illustrated in FIG. 7D, the default can be either 
straight pass or crossover. In other words, waveguides 1 14, 1 16 can permit a straight 
pass while waveguides 138, 140 causes a cross over, or vice versa. 

[0072] An altemative embodiment of a MEMS switch element 60 is now described. 
The movement of the switch element 60 is not limited to those in the vertical direction 
perpendicular to the substrate 62. FIG. 8 A illustrates an example altemative embodiment 
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of a MEMS switch element whereby the actuation direction is lateral or substantially 
parallel to the plane of substrate 62. FIG. 8B illustrates an example alternative 
embodiment of a MEMS switch element which relies on rotational movement. Of course, 
an optical switching system 10 may be created from optical switch elements which all 
move in the same manner (e.g., all move vertically, all move laterally, or all move 
rotationally) or optical switch elements which move in different manners (e.g., some 
move vertically and others move laterally, or some move vertically and others move 
rotationally, or some move laterally and others move rotationally). The lateral movement 
can be induced by applying different voltages to the inter-digitated (known as comb 
fingers in MEMS) structures as shown in FIG. 8A. Describing what is illustrated in FIG. 
8 A, the MEMS switch element 60 comprises a substrate 62. Suspended above substrate 
62, for example over a cavity or otherwise, is a movable optically transmissive platform 
1 10. Platform 110 is stated to be "optically transmissive" because it has structures (e.g., 
waveguide networks 200, 202) which transmits optical signals or light beams 50; it is not 
intended to mean that the entire platform itself must be optically transmissive. One side 
of the platform 1 10 is coupled to support springs 130 and the opposite ends of the support 
springs 130 are coupled or anchored to the substrate 62. The platform 1 10 has electrodes 
204, In this example, electrodes 204 are inter-digitated with actuation electrodes 112, 
By applying different voltages to the electrodes 204 and actuation electrodes 1 12 on one 
side of the platform 1 10 as compared to the other side of the platform 1 10, the platform 
1 10 moves in a lateral, or substantially parallel, manner relative to the plane of the 
substrate 62. In FIG. 8A, this lateral movement means that the platform 110 moves up or 
down. 

[0073] The platform 1 10 carries waveguide networks 200, 202 where the optical 
paths from the input side of optical signals 50 to the output side change depending on the 
lateral position of the platform 110. For example, if the platforai is in a first position 
(e.g., a rest position), the alignment of the incoming optical signals 50 to the inputs A, B, 
C and D of the waveguide networks 200, 202 is selected such that optical signals 50 enter 
inputs C and D. Because of the particular configuration of this example of the waveguide 
networks 200, 202, optical signals 50 which enter inputs C and D of the waveguide 
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networks 200, 202 cross over and exit at outputs H and F respectively. If the platform 
1 10 is then moved to its second position, incoming optical signals 50 would enter inputs 
A and B, and pass straight through to outputs E and G respectively. Of course, the 
waveguide networks 200, 202 can be swapped so that the default is a straight pass 
through. The waveguide networks may be configured in any shape or form to 
accomplish whatever optical paths are desired. 

[0074] The lateral movement approach as shown in FIG. 8 A has the advantage of not 
requiring the bottom electrodes, thus reducing several steps in the manufacturing process. 
The disadvantage is that the amount of electrode area is limited due to the short height of 
the resulting structure, and as a result, a large number of comb fingers may be required to 
generate a sufficient attraction force. A significantly larger electrode area may be 
required to operate the laterally-moving switch element of FIG. 8 A than the vertically- 
moving switch element of FIG. 7A. 

[0075] Tuming to FIG. 8B, the movable optically transmissive platform 110 moves 
in a rotational or pivoting fashion relative to the substrate. To accomplish rotational 
movement in a switch element 60, the same electrostatic attraction forces as used in the 
preferred embodiments will work. For sensing the position of the platform 110, similar 
capacitance detection techniques described in the preferred embodiments will apply. As 
illustrated, this example embodiment of a rotating platform 110 causes inputs A and B to 
align with the optical signals when the platform 1 10 is in a first position. When the 
platform 110 rotates to its second position, inputs C and D are now aligned with the 
optical signals. As with all of the embodiments, the waveguides and waveguide networks 
may be configured in any desired shape to achieve the desired optical paths. 

[0076] Now, we tum to FIGs. 11-15. The improvement to the optical switching 
device disclosed in this application shows several approaches to reducing the bend loss 
by using a large bend radius while maintaining the element size to a minimum. Several 
embodiments will be discussed. In addition to keeping the element size small, it is also 
desirable to keep the motion of the switch element to a single degree of fireedom, i.e.. 
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motion along one direction only. A single degree of freedom motion greatly simplifies 
the design of the support and actuators. 

[0077] FIG. 1 1 illustrates a block diagram of an example embodiment of an improved 
optical switching device having a movable microstructure with low insertion loss. The 
improved optical switching element is capable of switching two inputs to two outputs 
(such a switch is referred to as an 2x2 switch). The design allows a single degree-of - 
freedom motion (see 508) while maintaining a large bend radius 509. The improved 
optical switching device operates in two positions in this example embodiment. Li 
position one, the two input optical signals are connected straight through input ports A, B 
to designated output ports C, D respectively; in position two, the input signals entering 
ports A, B cross over each other before being output at ports D, C respectively. In this 
example embodiment, all routings are done with waveguides 510 placed over the 
movable platform 511. Input waveguides 512, 513 and output waveguides 514, 515 are 
placed over raised platforms 516 that are stationary (fixed) to the substrate 517. 

[0078] The improved optical switching device in FIG. 1 1 operates as follows. 
Optical signals are connected to the stationary waveguides by input ports A (518) and B 
(519). The movable microstructure 51 1 as shown in FIG. 11 is in the first position. In 
this first position, two optical signals traverse across separate gaps 520, 521 and enter 
into the movable microstructure 5 1 1 . On the microstructure 5 1 1 , the signals enter input 
ports A, B, cross over each other in waveguides 533, 534, and exit by traversing across a 
second set of gaps 522, 523 into the stationary waveguides 514, 515, and exit output ports 
D, C respectively. To allow the signals to go straight through (without cross over), the 
movable microstructure 5 1 1 is moved in the X direction to a second position. In the 
second position, waveguides 535, 536 are arranged such that the input optical signals will 
pass straight through from the input ports A, B to the output ports C, D respectively. 

[0079] The movable microstructure of any embodiment can be made of silicon and 
other microstructure materials such as quartz, ceramic, metal and alloys. Preferably, the 
movable microstructure is manufactured onto the substrate by using a photo lithography 
process, depositing a material such as a semiconductor or dielectric or metal material, 
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etching portions of material away, and repeating any of these semiconductor processing 
steps as needed. A semiconductor process or a micro-machining MEMS (Micro Electro 
Mechanical Systems) process, for example, maybe used to create the movable 
microstmcture to be integral with the substrate. The term "integral" as used in this patent 
appUcation and claims refers to two structures that are coupled together by a 
semiconductor process. For example, if X is attached to Y by screws or bolts, X is not 
"integral" with Y. Further, the term "integral" does not require the two structures to be 
formed out of monolithic materials; two structures can be deemed integral to each other if 
the structures are formed out of composite or multiple materials, as well as if the 
structures are formed out of monolithic materials. For example, X can be integral with Y 
even if X is a platform coupled to a device layer which has been formed on a substrate by 
a semiconductor process. Lastly, X can be integral with Y even if X is silicon with a 
doped material and Y is silicon doped differently as long as the silicon are coupled 
together by a semiconductor process. The semiconductor process includes those which 
bond the movable microstmcture to the substrate. 

[0080] The movable microstmcture 5 1 1 is suspended over an air gap above the 
substrate 517 and is supported by springs 524, 525. The springs 524, 525 are preferably 
made of the same material as the movable microstmcture 511. The springs 524, 525 are 
connected to the substrate 517 through the anchors 526. The movable microstmcture 
511 is connected to a set of electrodes 527, 528 (illustrated as being shaped like combs) 
and matched to an opposing set of electrodes 529 fixed to the substrate 517. When an 
electrical voltage is appUed across the two electrodes, the voltage differential generates 
an electrostatic attraction force, causing the movable microstmcture 51 1 to move. The 
springs 524, 525 will deflect to move the movable microstmcture 51 1 to the desired 
position. The use of electrostatic actuators to move a microstmcture is well known to 
those skilled in the art of MEMS design. The waveguides 512-515 are deposited on top 
ofthe stationary platform 516 and the movable microstmcture 511 using standard 
waveguide manufacturing processes. 

[0081] To enable the waveguides to efficiently conduct light across the gaps, the 
waveguides 533-536 on the movable microstmcture 511 must be aUgned accurately to the 
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fixed waveguides 512-515. This can be accomplished in two ways: by having 
mechanical stops or by electronics position control. Mechanical stops can be placed 
adjacent to the movable microstructure 51 1 and located at the desired distance firom the 
movable microstructure 511. If there are only two positions, two stops would be 
required. The achievable alignment accuracy is dependent on the accuracy of the etching 
process. 

[0082] In FIG. 1 1 , a set of electrodes 530 are used for sensing the position of the 
movable microstructure 511. The sensing electrodes 530, similar to the actuator 
electrodes 527, 528 are preferably arranged using the comb-like structures. As the 
movable microstructure 511 moves, the capacitance across the comb-like electrodes 530 
changes, which can be measured using appropriate detection circuits. The movable 
microstructure 51 1 can be positioned accurately based on the measured capacitance 
signal. For high reliability, the signals firom the sensing circuit can also be fed into a 
closed-loop control circuit such that the movable microstructure 51 1 can be driven 
accurately into the desired position. The electrodes 530, 527, 528 are routed to the edge 
of the substrate 517 for connection to wire bond pads 531, 532. The sensing circuits and 
detailed electronic designs are well known to those skilled in design of MEMS structures. 

[0083] As can be seen in FIG. 1 1, the waveguides 533-536 on the movable 
microstructure 511 have a large bend radius (see, e.g., 509, 537). This large bend radius 
509 gradually changes the direction of the optical signal contained within the waveguide, 
thereby reducing the insertion loss. Preferably, the waveguides 533-536 on the movable 
microstructure 511 are made up of one or more short waveguide portions, each of which 
having a large bend radius to gradually change the direction of the optical signal. The 
movable microstructure 5 1 1 in FIG. 1 1 extends in the X and Y directions. The X and Y 
axes are illustrated in FIG. 1 1 for convenience. In the example embodiment of FIG. 1 1, 
the movable microstructure 511 moves in the X direction (also denoted by reference 
numeral 508). 

[0084] In FIG. 1 1, a notch 538 in the movable microstructure 5 1 1 improves the 
ability of the waveguides 533-536 to gradually change the optical path of the optical 
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signal. The notch 538 and its operation are now described for the example embodiment 
illustrated in FIG. 11. The notch 538 is in the edge of movable microstructure 511 which 
is substantially along the Y axis. The notch 538 has an edge 539 which is substantially 
parallel to the Y axis and an edge 540 which is substantially parallel to the X axis. When 
the movable microstructure 5 1 1 is in the first position, stationary waveguides 512,513 
are aligned with movable waveguides 533 and 534, respectively, where stationary 
waveguides 512, 513 meet (via small air gaps 521, 520) movable waveguides 533 and 
534, respectively, at the edge 540 of the notch 538. The optical signals cross over in 
movable waveguides 533 and 534 and exit the movable waveguides 533 and 534 at an 
edge substantially parallel to the X axis of the movable microstructure 511, where the 
optical signals enter stationary waveguides 515, 514, respectively. When the movable 
microstructure 51 1 is moved to the second position, stationary waveguides 512, 513 are 
aligned with movable waveguides 535 and 536, respectively, where stationary 
waveguides 512, 513 now meet movable waveguides 535 and 536, respectively, (via 
small air gaps 521, 520) at the edge 540 of the notch 538. The optical signals pass 
through (with no crossover) in movable waveguides 535 and 536 and exit the movable 
waveguides 535 and 536 at an edge substantially parallel to the X axis of the movable 
microstructure 511, where the optical signals enter stationary waveguides 514, 515, 
respectively. The presence of the notch 538 allows the improved optical switching 
device to change the direction of the optical signal even more gradually. As a result, the 
edge 540 of the notch 538 (into which the optical signal enters) is substantially parallel in 
FIG. 1 1 to the edge of the movable microstructure 5 11 out of which the optical signal 
exits. Of course, the shapes and sizes of the perimeter of the notch 538 and of the edges 
of the movable microstructure 511 may be changed to other suitable shapes and sizes. 

[0085] FIG. 1 2 illustrates a block diagram of another example embodiment of a low 
loss improved optical switching device where the movable microstructure 543 is a 
rotatable microstructure. For convenience, the terms "movable microstructure" and 
"movable platform" also refer to any moving microstructure, including those which rotate 
and those which move linearly, hi this configuration, the motion of the movable 
microstructure 543 still has a single-degree of fi-eedom, but the single-degree of fi-eedom 
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is angular rather than linear. The movable or rotatable microstnicture 543, in this 
particular example embodiment, is in the shape of a ring. There are four leaf-like 
waveguide structures 545 inside the ring. Preferably, the leaf-like waveguide structures 
have large radii of curvature so that the waveguides change the direction of the optical 
signal gradually. Outside the ring are the electrodes used for actuation 546 and sensing 
547. The movable waveguides 548 are located on top of the movable microstnicture 543, 
with connection points located at four locations (549, 550, 551, 552). The ring structure 
is connected to the springs 553, and the entire movable microstnicture 543 is suspended 
over an air gap above the substrate. The springs 553 are connected to the substrate 
through the anchors 554. Input and output signals are connected to the movable 
microstnicture 543 through stationary waveguides 450, 452, 454 and 560. The stationary 
waveguides 450, 452, 454 and 560 are preferably located on four raised platfonns 555, 
556, 557, 558, respectively, so that the waveguides are all at the same height. 
[0086] The optical switching device of FIG. 12 operates as follows. Incoming optical 
signals are connected to the top and left side of the switch. As shown in FIG. 12, when 
the movable microstnicture 543 is in the first position, the stationary waveguide 450 at 
input ports A (549) is coupled (preferably via a small air gap) to movable waveguide 548 
in order to route a first optical signal to stationary waveguide 454 at output port C (551). 
Similarly, the stationary waveguide 452 at input port B (550) is coupled (preferably via a 
small air gap) to movable waveguide 456 in order to route a second optical signal to cross 
over the first optical signal, where the second optical signal passes through stationary 
waveguide 560 and exits output port D (552). In all embodiments, the waveguides are 
preferably coupled to one another by small air gaps. Smaller air gaps permit better 
alignment between waveguides. 

[0087] When the movable microstnicture 543 is moved to the second position, the 
stationary waveguide 450 at input ports A (549) is now coupled (preferably via a small 
air gap) to movable waveguide 458 in order to route the first optical signal to stationary 
waveguide 560 at output port D (552). Similarly, in the second position, the stationary 
waveguide 452 at input port B (550) is coupled (preferably via a small air gap) to 
movable waveguide 460 in order to route a second optical signal to cross over the first 
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optical signal, where the second optical signal passes through stationary waveguide 454 
and exits output port C (551). Thus, when the movable microstructure 543 is in the first 
position, an optical signal fi-om input port A (549) will exit output port C (551) and an 
optical signal from input port B (550) will exit output port D (552). By contrast, when 
the movable microstructure 543 is in the second position, an optical signal from input 
port A (549) will exit output port D (552) and an optical signal from input port B (550) 
will exit output port C (551). 

[0088] To rotate the movable microstructure 543 between the first and second 
positions, a differential voltage is applied to the drive electrode 546, which is fixed to the 
substrate, and the movable electrode 559 attached to the ring. An attractive force is 
generated between the fixed electrode 546 and the moveable electrode 559 as a resuU of 
the voltage differential, which rotates the ring in a clockwise direction. To maxunize the 
coupling of light between the stationary and movable waveguides, the angular position of 
the ring should be precisely controlled. This control can be achieved by monitoring the 
change in capacitance from the sensing electrodes 547. An electrical circuit that 
converts the change in capacitance to voltage will be required and is commercially 
available. Alternatively, mechanical stops could also be used to position the ring 
structure accurately. The design of comb electrodes and associated sensing circuits are 
well known to those skilled in the art of MEMS design. 

[0089] As with the example embodiment illustrated in FIG. 11 , the example 
embodiment of FIG. 12 also gradually changes the direction of optical signals, thereby 
reducing insertion losses. Large bend radii are also used. Of course, the shapes and sizes 
of the ring, waveguides and edges of the movable microstructure 511 may be changed to 
other suitable shapes and sizes. 

[0090] The optical switching devices discussed above represent a basic building 
block that can be used to build larger-port switches. Each optical switching device is 
capable of switching two ports so an array of these optical switching devices can be 
combined to switch 4, 8, 16, 32, or more ports. Based on the optical switching devices 
of FIG. 11, FIG. 13 shows an array of six optical switching devices 561 on a subsfrate 



DOCSOC1:142280. 2 



26 



569, forming a single switch capable of connecting four input ports (562) to any of the 
four output ports (563). Electrical traces 567 connect the optical switching devices' 
actuator and sensor to the wire bond pads 568 located on edge of the substrate 569. 

[00911 There are a number of different architectures that use the basic 2 by 2 or 1 by 
2 switches to form larger switches. The example shown in FIG. 13 is based on a Benes 
architecture. Other popular architectures include crossbar, Spanke and Clos networks. 
These multi-stage networks are well known to those skilled in the art of network switch 
designs. The design of the network and the routing paths should also be carefully 
conducted to minimize optical loss. In FIG. 13, for example, the largest possible radius 
should be used for the waveguides 564 between adjacent optical switch devices 565, 566 
in order to minimize loss. 

[0092] Of course, the optical switching devices with rotatable microstructures of FIG. 
12 can also be used to create an array of multiple optical switching devices, forming a 
single switch capable of connecting four input ports to any of the four output ports. 

1x2 and IxN Linear Switches 

[0093] The techniques described herein have been illustrated for the example of 
switching two optical inputs to two outputs. The same concept may be adapted for 
switching n optical signals to m output ports. For example, FIGs. 14A and 14B illustrate 
a concept of a 1x2 optical switching device employing linear movement. The 1x2 optical 
switching device receives one optical signal and directs the signal to one of two output 
ports. An optical signal is transmitted into an input port A and into a stationary 
waveguide 580. The optical signal propagates into another waveguide 583 located on top 
of a movable microstructure 581. The stationary waveguide 580 is located on a raised 
pedestal or platform 582 so that the waveguide 580 is at the same height level as the 
waveguides 583, 584 on the movable microstructure 581. The movable microstructure 
581 is suspended above an air gap over the substrate 585 and supported by springs 586. 
The springs 586 are in turn connected to the substrate 585 by anchors 587. As shown in 
FIG. 14 A, the optical signal will travel from the input waveguide 580, through the 
movable waveguide 583, into stationary output waveguide 588, and exit output port B. 
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100941 To switch the optical signal to exit from another output port C, a voltage is 
applied to the electrodes 589, 590 as shown in FIG. 14B. The resulting electrostatic 
attraction will force the movable microstructure 581 to change its position. In this new 
position, the stationary waveguide 580 is coupled to the second movable waveguide 584, 
as well as to the stationary output waveguide 592. hi doing so, the signal is diverted into 
the second waveguide 584 and exits output port C. In order to set the position of the 
movable waveguides 583, 584 precisely, electrode 591 can be used for capacitance 
sensing. The design of the comb actuators and sensors are sunilar to the details discussed 
above. 

[0095] The same technique can be expanded into a Ix N type of switch where N can 
be two or any number of ports. This type of switch is useful for connecting an optical 
input to a multiple number of outputs. The switch can also be used in reverse to connect 
a pluraUty of inputs into one output. The following reference illustrates an application 
for using 1x8 switch in a Broadcast and Select architecture: Jean-Paul Faure, Ludovic 
Noire, "An 8x8 all optical space switch based on a novel 8x1 MOEMS switching 
module", OFC2001, Section WX5-2, Anaheim, California, March 21, 2001. 

1x2 and IxN Rotary Switches 

[0096] FIG. 1 5 illustrates another example embodiment of a 1 x 2 optical switching 
device, whereby the switching action is rotational rather than linear. The operation of the 
1x2 optical switching device is similar to the 2x2 optical switching devices described 
herein. In FIG. 15, only one stationary input waveguide 681 is used to guide an optical 
signal into the movable waveguides 682 or 683. Depending on the position of the 
movable microstructure 684, tiie optical signal can be switched to any of the two outputs 
BorC. 

[0097] The operation is as follows. An optical signal 680 enters input port A, travels 
in stationary input waveguide 681 which is positioned on a raised platform 650, and 
propagates to one of waveguides 682 or 683 located on the movable microstructure 684 
(preferably via a small air gap between waveguide 681 and waveguide 682 or 683). In 
the position as shown in FIG. 15, the optical signal enters into waveguide 683, propagates 
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into a stationary output waveguide 685 (preferably over a small air gap) which is located 
on a raised platform 652, and exits the output port B. If a voltage differential is applied 
to the fixed electrode 686 and movable electrode 687, then waveguide 682 is moved into 
ahgnment with the input waveguide 681 . In this mode, the optical signal propagates into 
waveguide 682, stationary output waveguide 687 which is located on a raised platform 
654, and output port C. The raised platforms 650, 652 and 654 are optional and serve to 
ahgn the stationary waveguides 681, 685 and 687 to be at the same height as the movable 
waveguides 682, 683. 

[0098] A cross-over 688 is shown between waveguides 682 and 683. To minimize 
the optical loss associated with a cross-over, the waveguides 682 and 683 are preferably 
located at about 90 degrees relative to each other. Electrodes 689 can be used to 
determine the position of the movable microstructure 684 by connecting the electrodes to 
a detection circuit. The method of actuation and position sensing are similar to the details 
of those discussed herein. The rotational 1x2 optical switch as described can also be 
reconfigured to a Ix N port optical switch, where N is a number larger than two. 

[0099] While various embodiments of the application have been described, it will be 
apparent to those of ordinary skill in the art that many more embodiments and 
implementations are possible that are within the scope of the subject invention. For 
example, each feature of one embodiment can be mixed and matched with other features 
shown in other enibodiments. Features known to those of ordinary skill in the art of 
optics may similarly be incorporated as desired. Additionally and obviously, features 
may be added or subtracted as desired and thus, a movable platform having more than 
two sets of optical paths is also contemplated, whereby the platform moves to any one of 
three or more positions such that each position activates a different set of optical paths. 
As another example, the optical switch may accept more than 2 inputs and provide more 
than 2 outputs. The optical switch may be combined so as to create bigger optical 
switches with more ports, as desired. Accordingly, the invention is not to be restricted 
except in light of the attached claims and their equivalents. 
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